Chiba. Protective roles of redox-active protein thioredoxin-1 for severe acute pancreatitis.
SEVERE ACUTE PANCREATITIS (AP) remains a serious clinical problem with significant morbidity and mortality. The initial stage of AP is characterized by interstitial edema coupled with infiltration of neutrophils and macrophages in the pancreatic tissue (13) . Such infiltrating inflammatory cells (particularly neutrophils) produce reactive oxygen species (ROS), which subsequently destroy lipid membranes by peroxidation of fatty acids and trigger various inflammatory processes (1, 54) . In addition, ROS induce phosphorylation of inhibitor of B-␣ (IB-␣) and influence the activation of nuclear factor (NF)-B, which regulates gene expression of inflammatory mediators, including cytokines such as tumor necrosis factor-␣ (TNF-␣), interleukin (IL)-1␤, and IL-6; chemokines such as IL-8 and keratinocyte-derived chemokine (KC; CXC chemokine, a murine analog of human chemokines IL-8/Gro-␣); and inducible nitric oxide synthase (iNOS; see Refs. 16, 22, and 50) . The amplified production of inflammatory mediators results in the development of complications, leading to the progression of local pancreatic inflammation to a systemic inflammatory reaction, termed multiple organ dysfunction syndrome (51) . Thus ROS-induced oxidative stress is considered to have an important pathophysiological role in perpetuating pancreatic inflammation and the development of extrapancreatic complications. Indeed, scavenging therapy for ROS due to an antioxidant improved the severity of experimental AP through the reduction of NF-B activation and subsequent expression of inflammatory mediators such as IL-6 and KC (15) .
Thioredoxin (TRX) is an endogenous multifunctional protein that contains a redox-active disulfide/dithiol within a highly conserved active site sequence (Cys-Gly-Pro-Cys) and is found in both prokaryotic and eukaryotic genomes (18) . Human TRX was originally identified as an adult T cell leukemia-derived factor that was defined as an IL-2 receptor ␣-chain Tac inducer produced by human T cell lymphotropic virus-1-transformed T cells (40) . Several proteins that have a similar active site (Cys-Xxx-Yyy-Cys) are members of the TRX family. TRX consists of two isozymes, TRX-1 and TRX-2. TRX-1 is a cytosolic protein, and TRX-2 is located specifically in the mitochondria. Both TRX-1 and TRX-2 are essential in mammals because knockout mice of each protein are embryonic lethal (23, 32) . TRX-1 is a stress-inducible protein that has an important role in protecting host cells from various types of stresses, including viral infection, ischemic insult, and H 2 O 2 exposure (27, 29) . Indeed, TRX-1 has scavenging activity for a variety of ROS such as singlet oxygen, hydroxyl radicals, and H 2 O 2 (7, 10) . Thus TRX-1 has an important role in maintaining the redox environment of the cell (18) . Moreover, TRX-1 has potent anti-inflammatory effects through suppression of neutrophil infiltration in the inflammatory site (27, 28) . Accordingly, TRX-1 is thought to be involved in the pathophysiology of AP. The present study aimed to elucidate the role of TRX-1 in the host defense mechanism during severe AP. To clarify the possible mechanism of TRX-1 in preventing pancreatic injury and systemic complications, the effects of TRX-1 overexpression in transgenic mice were investigated in a mouse model of severe AP induced with the secretagogue cerulein (CER), a CCK analog, and subsequent lipopolysaccharide (LPS) injection. Therapeutic effects of exogenous recombinant TRX-1 administration after the onset of disease were also investigated. Moreover, to determine the effect of TRX-1 on the secretory response of pancreatic acinar cell, we examined the amylase secretion in isolated pancreatic acinar cells treated with CER in the presence or absence of TRX-1.
MATERIALS AND METHODS
Mice and Reagents. Male wild-type (WT) C57BL/6 mice (20 -22 g) were purchased from Japan SLC (Shizuoka, Japan). The generation of TRX-1 transgenic (TRX-1-TG) mice in which human TRX-1 (hTRX-1) cDNA was inserted between the ␤-actin promoter and its terminator was described previously (41) . There were no differences in the expression of Mn-superoxide dismutase (SOD), CuZn-SOD, or glutathione peroxidase between WT and TRX-1-TG mice (41) . The presence of the TRX-1 transgene was confirmed by RT-PCR analysis (data not shown). Recombinant hTRX-1 (rhTRX-1), anti-hTRX-1 monoclonal antibody, and the ELISA kit for hTRX-1 were supplied by Redox Bioscience (Kyoto, Japan). CER and LPS (Escherichia coli 0111: B4) were purchased from Sigma Chemical (St. Louis, MO). All experiments were conducted with the approval of the Ethics Committee for the Use of Experimental Animals of the Kyoto University.
Induction of Experimental AP. AP was induced in both WT and TRX-1-TG mice (n ϭ 15 each group) by injecting CER (50 g/kg) intraperitoneally six times at 1-h intervals (12) . Moreover, LPS was injected at a dose of 10 or 30 mg/kg as the septic challenge immediately after the induction of pancreatitis by six CER injections. This method induced severe AP that resembled pancreatitis accompanied by endotoxemia, as described in the literature (12, 14, 20) . Saline was substituted for CER and LPS in both WT and TRX-1-TG mice as a control.
Blood chemistry and histology. Serum levels of amylase and lipase were measured at various time points after CER injection, as previously described (44) . Tissues were removed 24 h after the first CER or saline injection, fixed with 10% neutral buffered formalin, embedded in paraffin, and cut into 5-m-thick sections. Sections were stained with hematoxylin and eosin for histological examination. To quantify acinar cell injury, 20 randomly chosen microscopic fields were scored based on the histological scoring described previously (45) . Briefly, grading for edema was scaled as: 0, absent; 1, focally increased between lobules; 2, diffusely increased between lobules; 3, acini disrupted and separated. Inflammatory cell infiltration was scored as: 0, absent; 1, in ducts (around ductal margins); 2, in the parenchyma (in Ͻ50% of the lobules); 3, in the parenchyma (in Ͼ50% of the lobules). Acinar necrosis was scored as follows: 0, absent; 1, periductal necrosis (Ͻ5%); 2, focal necrosis (5-20%); 3, diffuse parenchymal necrosis (20 -50%).
Immunohistochemistry. Immunohistochemical staining was performed on 10% neutral buffered formalin-fixed, paraffin-embedded sections. After rehydration, microwave irradiation in 10 mM citrate buffer, and blocking of endogenous peroxidase activity with 0.3% H2O2 for 30 min, the sections were incubated with a primary antihTRX-1 monoclonal antibody at 4°C overnight, followed by incubation with biotinylated secondary antibody for 1 h at room temperature. After 30 min of avidin-biotin amplification (ABC elite; Vector Laboratories, Burlingame, CA), they were incubated with the substrate 0.1% diaminobenzidine at room temperature.
Lipid peroxidation and myeloperoxidase activity. Lipid peroxidation in the pancreas was evaluated by determining the malondialdehyde (MDA) concentration 2 h after the last CER injection using a lipid peroxidation assay kit (Calbiochem, La Jolla, CA). Briefly, after removing the pancreas of each group, the tissue was homogenized in 20 mM PBS containing 5 mM butylated hydroxytoluene to prevent sample oxidation. The supernatant was used to assay MDA levels according to the manufacturer's instructions. The MDA levels were measured at 586 nm using a spectrophotometer. Leukocyte accumulation in the pancreas and lung was examined by measuring myeloperoxidase (MPO) activity 24 h after the first CER injection, as previously described (6) . Briefly, tissue samples were homogenized using a Polytron homogenizer in 4 ml of hexadecyltrimethyl ammonium bromide buffer. Homogenized samples were sonicated and centrifuged (3,000 g) for 30 min at 4°C. MPO activity in the supernatant was assayed by measuring change of absorption at 460 nm resulting from decomposition of H2O2 in the presence of O-dianisidine. 
KC, keratinocyte-derived chemokine; G3PDH, glyceraldehyde-3-phosphate dehydrogenase.
Western blot analysis. Expression of hTRX-1 protein in the pancreas, lung, and liver of TRX-1-TG mice was investigated by Western blotting. Expression of iNOS and IB-␣ in the pancreas of WT and TRX-1-TG mice treated with saline or CER ϩ LPS was also investigated by Western blotting (2 h after the last CER injection for iNOS and 30 min for IB-␣). For cytoplasmic protein extraction, tissues were homogenized in lysis buffer containing 0.1 mol/l NaCl, 10 mmol/l Tris ⅐ HCl, 0.1 mmol/l EDTA, 100 g/ml phenylmethylsulfonyl fluoride, 35 g/ml pepstatin A, and 10 g/ml aprotinin, heated for 15 min at 50°C, and centrifuged at 14,000 rpm for 5 min at 4°C. Aliquots of the supernatant were stored at Ϫ80°C until use. Protein concentrations were measured using a BCA protein assay kit (Pierce, Rockford, IL). Cytoplasmic protein (30 g) from each sample was mixed with 2ϫ SDS sample buffer, heated for 5 min at 100°C, and separated by SDS-PAGE (18% gel for hTRX-1 and 10% gel for iNOS and IB-␣). After SDS-PAGE, separated proteins were transferred onto polyvinylidene difluoride membranes for 1 h. The membranes were blocked with 5% nonfat dry milk in Tris-buffered saline with 0.1% Tween 20 (TBS-T) for 1 h at room temperature, washed three times for 5 min each in TBS-T, and incubated with a primary anti-hTRX-1 antibody, anti-iNOS antibody (BIOMOL Research Laboratory, Plymouth Meeting, PA) or anti-IB-␣ antibody (Cell Signaling Technology, Beverly, MA), in TBS-T containing 5% nonfat dry milk overnight at 4°C. After being washed three times for 10 min each in TBS-T, the membranes were incubated with a secondary goat anti-mouse IgG antibody (for hTRX-1 protein) or a secondary goat anti-rabbit IgG antibody (for iNOS and IB-␣ protein) conjugated with horseradish peroxidase for 1 h. The membranes were analyzed by the enhanced chemiluminescence system (Amersham Biosciences, Piscataway, NJ). The protein signal was quantified by scanning densitometry using a bioimage analysis system.
Semiquantitative PCR. Pancreatic cytokine or chemokine gene expression was investigated using semiquantitative RT-PCR. Pancreatic tissue samples were collected 2 h after the last CER injection. Total RNA was extracted using an RNeasy Mini Kit (Qiagen, Tokyo, Japan). Total RNA (10 g) was reverse transcribed into cDNA using the Super Script Preamplification System (GIBCO-BRL, Rockville, MD). Sequences of mouse-specific primers for TNF-␣, IL-1␤, IL-6, KC, and glyceraldehyde-3-phosphate dehydrogenase (G3PDH) are listed in Table 1 . Amplification was performed with an automated thermal cycler for 25 cycles for G3PDH, 35 cycles for TNF-␣, IL-1␤, and KC, and 37 cycles for IL-6. Each cycle consisted of denaturation for 30 s at 94°C, annealing for 30 s at 55°C, and extension for 1 min at 72°C. The final cycle included a 10-min extension step at 72°C to ensure full extension of the product. Each PCR product was electrophoresed on a 1.5% agarose gel containing ethidium bromide, and the bands were examined using an automated image analysis system.
Pharmacological kinetics of rhTRX-1. A group of WT mice were intraperitoneally injected with 2 mg/kg rhTRX-1. They were killed 1, 3, 6, 12, or 24 h after the injection. Pancreatic tissues were homogenized in lysis buffer. hTRX-1 concentrations of sera and pancreatic tissues were measured by ELISA.
Treatment with rhTRX-1 for experimental AP. Another group of WT mice was intraperitoneally injected with 30 mg/kg LPS immediately after six hourly CER injections (50 g/kg) for induction of AP. As a therapeutic protocol, the mice were then intraperitoneally injected with 2 mg/kg rhTRX-1 three times at 3-h intervals just after completion of the CER administration. BSA (2 mg/kg) was used as a control. Tissues were removed 24 h after the first CER injection for histological examination.
Isolation of pancreatic acinar cells and amylase assay. To assess the interaction between TRX-1 and secretory response of pancreatic acinar cells, we studied whether amylase secretion from acinar cells treated with CER could be influenced either by TRX-1 overexpression in the pancreas or treatment with rhTRX-1. Pancreatic acinar cells were obtained from the pancreas of WT or TRX-1-TG mice by collagenase treatment as described previously (2, 3, 34, 49, 52) . These cells were incubated with various concentrations of CER (10 Ϫ12 -10 Ϫ7 M) for 30 min at 37°C. Moreover, acinar cells obtained from WT mice were incubated with 10 Ϫ10 M CER in the presence or absence of various concentrations of rhTRX-1 (0.1, 1.0, and 10 M) for 30 min at 37°C. Amylase activity in the incubation medium was measured using an ␣-Amylase Assay Kit (Wako, Osaka, Japan). Unstimulated samples served as controls to estimate the basal rate of secretion. Statistical analysis. Differences between more than two groups were evaluated by one-way ANOVA. Where appropriate, Student's t-test and the Mann-Whitney U-test were used for comparisons of two groups. The cumulative survival rate was calculated using the KaplanMeier method, and survival curves were compared by the log-rank test. The data were expressed as means Ϯ SE. A P value Ͻ0.05 was considered statistically significant.
RESULTS
hTRX-1 expression in transgenic mice. Expression of the hTRX-1 transgene was confirmed by immunohistochemistry and Western blotting. Immunohistochemistry showed an abundant expression of hTRX-1 in pancreatic acinar cells and in Langerhans cells in TRX-1-TG mice, and Western blot demonstrated the constitutive expression of hTRX-1 protein in the pancreas, lung, and the liver of TRX-1-TG mice (Fig. 1, A and  B) . Moreover, the serum and pancreatic hTRX-1 levels in TRX-1-TG mice were 126 ng/ml and 399 ng/mg protein, respectively.
Resistance of TRX-1-TG mice with CER ϩ LPS-induced AP.
The survival rate was 94% (14/15) in WT mice at 8 days after treatment with CER ϩ LPS (10 mg/kg). When a higher dose of LPS (30 mg/kg) was administered in combination with CER, the survival rate decreased to 33% (5/15) in WT mice. Therefore, combined administration of CER ϩ LPS (30 mg/kg) was employed for the induction of severe AP in the following experiments. Notably, the survival rate after treatment with CER ϩ LPS (30 mg/kg) in TRX-1-TG mice (13/15; 87%) was significantly higher than in WT mice, suggesting that TRX-1-TG mice are resistant to the induction of severe AP (Fig. 2A) . Serum levels of amylase and lipase in TRX-1-TG mice treated with CER ϩ LPS were significantly lower than those in WT mice (Fig. 2B) . Histologically, WT mice treated with vehicle had normal histology of the pancreas (Fig. 3Aa) , lung, and liver (data not shown). WT mice treated with CER ϩ LPS had the features of severe AP, characterized by focal hemorrhage and acinar cell necrosis (Fig. 3Ab) . Marked interstitial edema and extensive infiltration of inflammatory cells were also observed (Fig. 3Ac) . Moreover, many inflammatory cells infiltrated the pulmonary alveolar cavity, and the alveolar walls were thickened (Fig. 3Ae) . The lobules of the liver were disorganized with hepatocyte vacuolization (Fig.  3Ag) . In contrast, TRX-1-TG mice treated with CER ϩ LPS had reduced histological inflammation in these organs compared with WT mice (Fig. 3 , Ad, Af, and Ah). Histological scores of pancreatitis induced by CER ϩ LPS in TRX-1-TG mice were significantly lower than those in WT mice (Fig. 3B MPO activity. WT mice treated with CER ϩ LPS had markedly elevated MPO activity in the pancreas and lung. The increase of MPO activity of both organs was significantly smaller in TRX-1-TG mice than in WT mice (P Ͻ 0.01; Fig. 4A) .
MDA concentration and IB-␣ degradation in the pancreas. Pancreatic MDA concentrations were significantly increased by CER ϩ LPS administration in both WT and TRX-1-TG mice. The increase was significantly smaller in TRX-1-TG mice than in WT mice (P Ͻ 0.01; Fig. 4B ). Moreover, there was marked degradation of IB-␣ protein in the pancreas of WT mice treated with CER ϩ LPS. In contrast, degradation of IB-␣ protein was almost abolished in TRX-1-TG mice (Fig. 4C) .
Cytokine/chemokine messages and iNOS expression in the pancreas. Pancreatic mRNA expression of TNF-␣, IL-1␤, IL-6, and KC was elevated in WT mice treated with CER ϩ LPS. However, gene expression was significantly suppressed in TRX-1-TG mice compared with WT mice (Fig. 5B: a, TNF-␣: P Ͻ 0.01; b, IL-1␤: P Ͻ 0.05; c, IL-6: P Ͻ 0.05; d, KC: P Ͻ 0.05). iNOS expression was also upregulated in WT mice treated with CER ϩ LPS. Its expression was significantly lower in TRX-1-TG mice than in WT mice (P Ͻ 0.05; Fig. 5B) .
Pharmacokinetics of rhTRX-1. Serum hTRX-1 levels of WT mice given rhTRX-1 (2 mg/kg) were 609.4, 154.4, 50.9, 17.6, and 2.3 ng/ml at 1, 3, 6, 12, and 24 h, respectively. hTRX-1 levels in the pancreatic tissues were 24.5, 2.3, 0.4, Ͻ0.1, and Ͻ0.1 ng/mg protein at 1, 3, 6, 12, and 24 h, respectively. The half-life of rhTRX-1 was 3.1 h in the serum and 3.4 h in the pancreatic tissue.
Effects of rhTRX-1 administration on CER ϩ LPS-induced AP in WT mice. Based on the results obtained from the pharmacokinetic study of rhTRX-1, we administered 2 mg/kg rhTRX-1 intraperitoneally three times at 3-h intervals to CER ϩ LPS-injected WT mice. Exogenous administration of rhTRX-1 improved the survival of CER ϩ LPS-injected WT mice from 33% (5/15) to 80% (12/15) (Fig. 6A) . Histological inflammation of the pancreas and lung was remarkably attenuated in WT mice treated with rhTRX-1 compared with untreated WT mice (Fig. 6 , B and C: a, edema: 2.70 Ϯ 0.11 vs. 2.25 Ϯ 0.12, P Ͻ 0.05; b, infiltration: 2.10 Ϯ 0.16 vs. 1.50 Ϯ 0.12, P Ͻ 0.01; c, necrosis: 1.85 Ϯ 0.17 vs. 1.40 Ϯ 0.13, P Ͻ 0.05). Moreover, the elevation of both serum amylase and lipase levels was significantly reduced by rhTRX-1 administered 24 h after the first CER injection (P Ͻ 0.01; Fig. 6D ).
Effect of TRX-1 on CER-stimulated amylase secretion from pancreatic acinar cells.
In accord with previously reported findings, biphasic secretory response that peaks with 10 Ϫ10 M was observed in acinar cells obtained from WT mice when they were treated with increasing concentrations of CER. Similar changes were also observed in acinar cells obtained from TRX-1-TG mice (Fig. 7A) . Moreover, the simultaneous incubation of cells from WT mice with various concentrations of rhTRX-1 did not significantly inhibit amylase secretion induced by CER stimulation (10 Ϫ10 M; Fig. 7B ).
DISCUSSION
The present study clearly demonstrated that TRX-1 has an important role in the protection of the development of severe AP. The major findings of this study are as follows. First, hTRX-1 overexpression in transgenic mice attenuated the severity of experimental AP. Second, exogenous administration of rhTRX-1 had therapeutic effects against experimental AP.
It is currently widely accepted that AP is triggered by aberrant premature activation of digestive enzymes within the pancreatic acinar cells and subsequent autodigestion of the pancreas (39) . The following progression of AP is associated with infiltration of various inflammatory cells that produce many cytokines and ROS (13) . Moreover, severe AP is often accompanied by bacterial translocation from the digestive tract, resulting in systemic inflammatory response syndrome with multiple organ dysfunction (35) . Thus endotoxin, a LPS present in the gram-negative bacterial wall, is thought to be strongly involved in the progression of AP leading to severe disease (14) . Indeed, LPS elicits NF-B activation and induces a pronounced systemic inflammatory reaction during various infections (25) . Accordingly, in the present study, we induced severe AP in mice by treatment with a CCK analog, CER, and subsequent LPS injection. In this experimental model of AP, the pancreas of WT mice was severely destroyed with a strong inflammatory reaction. As expected, the survival rate inversely correlated with the concentration of LPS administered. These results are consistent with a previous report in which serum endotoxin levels correlated with the severity, systemic complications, and mortality rates of AP patients (48) .
Extensive evidence obtained from several models of experimental AP suggests that ROS are important aggravating factors in the development of pancreatic injury (9, 36) . Although certain amounts of ROS are produced under physiological conditions, they are believed to be captured by a sufficient amount of antioxidants; however, during the development of AP, the increased production of ROS is thought to overwhelm the antioxidant defenses (46) . Indeed, a depletion of pancreatic SOD and glutathione content, possibly because of their exhaustion, occurs in mice with CER-induced AP (12, 31) . Thus endogenous antioxidants may have a critical role in preventing the progression of pancreatitis (31) . To evaluate the protective role of TRX-1 against such oxidative tissue injury, we measured the MDA concentration, a marker of lipid peroxidation, in the pancreas of mice with AP. The MDA concentration was increased significantly in the pancreas of WT mice treated with CER ϩ LPS, but the increase was significantly smaller in TRX-1-TG mice than in WT mice. It was previously reported that rhTRX-1 shows the cytoprotectice effect against H 2 O 2 -induced injury (26) . Moreover, in our preliminary experiments, administration of rhTRX-1 ameliorated H 2 O 2 -induced cytotoxicity in vitro using a pancreatic acinar cell line, AR42J, in a dose-dependent manner (data not shown). These data suggest that high levels of TRX-1 protect pancreatic tissues or cells from oxidative damage, resulting in the improvement of AP.
Besides these direct injuries against tissues or cells, ROS act as second messenger molecules and enhance proinflammatory cytokine production through activation of NF-B (37). Indeed, ROS scavengers inhibit phosphorylation and degradation of IB-␣ (11, 30, 43) , which are the key step of NF-B activation; moreover, scavenging therapy for ROS suppresses NF-B activation and inhibits cytokine production in vitro (5) . In the present study, we clearly demonstrated that in vivo overexpression of hTRX-1 reduced the production of proinflammatory cytokines TNF-␣, IL-1␤, IL-6, and a neutrophil chemoattractant, KC, in the pancreas of mice treated with CER ϩ LPS. Moreover, the suppressive effects of hTRX-1 overexpression on those proinflammatory cytokines and chemokine expressions were associated with inhibition of the degradation of pancreatic IB-␣ protein. Considering the redox regulation of NF-B transcription controlled by TRX-1, TRX-1 has two distinct mechanisms in the cytoplasm and in the nucleus (17) . TRX-1 enhances NF-B transcriptional activities by increasing its ability to bind DNA in the nucleus (24) . On the other hand, it interferes with the signals to IB kinases and blocks the degradation of IB-␣ by scavenging ROS in the cytoplasm (17) . Accordingly, we considered that TRX-1 overexpression in vivo reduced the expression of proinflammatory cytokines or a chemokine in the pancreas by suppressing NF-B activation through inhibition of IB-␣ degradation in our study. Thus the protective action of TRX-1 on the pancreatic tissue appears to involve both a direct antioxidative effect on the pancreatic acinar cells and an indirect effect through regulation of various cytokines or chemokine production.
Nitric oxide (NO) also acts as an important intracellular and intercellular messenger in inflammatory responses (38) . A high concentration of NO is produced by iNOS, which is mainly induced in neutrophils and macrophages during the inflammatory process (47) . Excessive NO generation is implicated in the pathophysiology of AP, because it decreases blood pressure and induces organ ischemia, leading to pancreatic tissue injury (8) . In the present study, the increase in iNOS expression in the pancreas of AP mice was significantly smaller in TRX-1-TG mice than in WT mice. Induction of iNOS is also regulated predominantly at the transcriptional level through NF-Bdependent mechanisms (42) . Accordingly, TRX-1 overexpression might have inhibited iNOS expression by suppressing NF-B activation in the present study.
We also demonstrated that exogenous administration of rhTRX-1 ameliorated experimental AP. Especially, neutrophil infiltration in the pancreatic tissue was significantly reduced in mice treated with rhTRX-1. TRX-1 has dual regulatory effects on leukocyte movement. Although it acts in a lower dose as a chemoattractant by itself for neutrophils and monocytes in vitro, it shows desensitizing effects in a higher dose against chemokine-induced chemotaxis of neutrophils and macrophages (4). Indeed, intravenous administration of rhTRX-1 directly suppresses LPS-induced leukocyte (mainly neutrophils) infiltration in the mouse air pouch model (28) . Accordingly, acute elevation of circulating TRX-1 caused by injection of rhTRX-1 appears to show beneficial effects against inflammation of the body. Indeed, intravenous administration of rhTRX-1 decreased bleomycin-induced lung injury (19) or ischemic reperfusion injury (33, 53) . Moreover, exogenously administered TRX-1 is considered to act as an antioxidant (18) . Indeed, extracellular TRX-1 scavenges H 2 O 2 together with peroxiredoxin IV (secreted form of peroxiredoxin; see Ref. 18) . On the other hand, rTRX-1 permeates the cell membrane and enters the cytosol, and scavenges intracellular ROS (21) . Thus, although the precise mechanism underlying TRX-1 entry in the cells has yet to be elucidated, exogenously administered rhTRX-1 might exert its therapeutic effects on AP both outside and inside the cells.
In the present study, TRX-1 did not directly affect the CER-stimulated amylase secretion in pancreatic acinar cells. This result is in agreement with a previous report that antioxidants such as glutathione, SOD, and catalase did not affect the amylase secretion in pancreatic acinar cells (54) and suggests that the protective mechanism of TRX-1 against AP is not the result of an inhibitory effect on pancreatic secretory function.
In conclusion, exogenous administration and overexpression of redox-active protein TRX-1 significantly reduced the severity of experimental AP in mice, which indicated a protective role of TRX-1 in the development of severe AP. The current therapies for severe AP are far from satisfactory; thus, TRX-1 might be a new therapeutic strategy to improve the prognosis of severe AP.
